We study theoretically the lamellar-disorder-lamellar phase transitions of AB diblock and tetrablock copolymers confined in symmetric slitlike pores where the planar surface discriminatingly adsorbs A segments but repels B segments, mimicking the hydrophobic/hydrophilic effects that have been recently utilized for the fabrication of environmentally responsive "smart" materials. The effects of film thickness, polymer volume fraction, and backbone structure on the surface morphology have been investigated using a polymer density-functional theory. The surface-induced phase transition is manifested itself in a discontinuous switch of microdomains or a jump in the surface density dictated by the competition of surface adsorption and self-aggregation of the block copolymers. The surface-induced first-order phase transition is starkly different from the thickness-induced symmetric-asymmetric or horizontal-vertical transitions in thin films of copolymer melts reported earlier.
I. INTRODUCTION
Thin films of block copolymers exhibit a wide variety of periodic microdomains that are potentially useful for photolithography or fabrication of nanoscopic devices. The morphology of these microdomains is controlled by the properties of block copolymers as well as the confining environment and external potentials such as electric fields, 1, 2 temperature gradients, 3 graphoepitaxy, 4,5 chemically patterned substrates, [6] [7] [8] [9] [10] [11] and the interfacial interactions. [12] [13] [14] [15] For block copolymer melt confined between planar surfaces with a preference to one types of segments, previous theories, [16] [17] [18] [19] simulations, [20] [21] [22] [23] [24] [25] and experiments [26] [27] [28] indicate that microdomains of different blocks are formed parallel to the surface if the surface energy is sufficiently strong but perpendicular to the surface if the surface bias is removed or if the film thickness is incommensurable with the lamellar structure. The parallel to perpendicular phase transition of laminar or cylindrical microdomains in thin films of copolymers melts has been extensively studied over the past few decades. 12, 18, [28] [29] [30] In particular, a phenomenological free energy model proposed by Turner predicts the transitions among symmetric and asymmetric lamellar phases when the segments have a similar surface energy. 16 When the film is sufficiently thick or when the surface strongly adsorbs one of the blocks, however, only symmetric lamellar structures occur. Turner's theory has been extended to confined copolymers of other morphological structures and its predictions have been confirmed by more comprehensive self-consistentmean-field calculations and experiments. 17 In this work, we study the phase transitions and film morphology in confined block copolymers in which the lamellar microdomains of different segments can be switched by changing the degree of surface preference. Unlike most previous work that concerns with the phase transitions in thin films of copolymer melt induced by the chain incommensurability, 16, 17 the focus here is on the effect of surface selectivity on the formation of ultrathin copolymer films at a fixed film thickness. Also different from previous work, the systems considered here are in contact with a bulk solution so that the amount of polymer within the film varies with surface energy and the polymer microstructure. We are interested in the effect of the polymer backbone structure, represented by multiblock copolymers, on the surface morphology at various discriminative surfaces.
II. MODEL DESCRIPTIONS
We consider an off-lattice mode of AB diblock and tetrablock copolymers confined between two planar walls where the surface attracts A segments but repels B segments. The block copolymers are represented by tangent chains of spherical A and B segments that have the same size but different energy. Each diblock copolymer consists of 25 A segments and 25 B segments and each tetrablock copolymer consists of 5A5B5A5B. The confined diblock and tetrablock copolymer systems mimic the thin films of amphiphilic block copolymers at a hydrophobic or hydrohilic substrate as investigated experimentally for tailoring the wettability of a substrate. 31, 32 The interaction between any two nonbonded polymer segments is described by a square-sell ͑SW͒ potential,
where is the segmental diameter; ␥ is the square-well width ͑␥ = 1.2 is used throughout this work͒, and ij is an energy parameter with the subscripts i and j indexing A or B segments. Beyond the hard-sphere collision, the pair interaction between like segments ͑AA or BB͒ is always attractive and that between unlike segments is always repulsive. interaction energy between different type of segments is fixed at AB * = BA * = −1.0 where the negative sign indicates the repulsion, and the reduced energy is defined as * = / kT. To mimic the behavior of hydrophobic effects, we assume that the attraction between AA segments is AA * = 3.0 substantially stronger than that between BB segments ͑ BB * = 1.0͒. The segment-wall interaction is also represented by the SW potential with the well width equal to the segmental radius.
All systems considered in this work are in the strong segregation limit, i.e., M ӷ 20 where M is the number of segments and is the Flory parameter estimated from 3͑ AA * + BB * −2 AB * ͒ as in a standard polymer lattice model assuming the coordinate number is 6. We expect that micellar, lamellar, or other mesoscopic phases may form in the bulk phase that is in equilibrium with the thin film. However, because the focus of this work is on the structure and phase transition of the confined copolymers, for convenience, the chemical potential of a copolymer is mapped into a bulk volume fraction assuming that the copolymers would be in a disordered state.
III. DENSITY FUNCTIONAL THEORY
The copolymer films confined between two surfaces are directly in contact with a bulk solution, i.e., they are specified in terms of temperature, volume, chemical potential, and the interactions between the polymer segments and the confining surfaces. The microstructure and thermodynamic properties of the model system can be represented by a recently developed polymer density-functional theory ͑PDFT͒. 33, 34 Specifically, the Helmholtz energy functional of a polymeric system can be expressed in terms of that corresponding to a system of ideal chains at system temperature and chemical potential where all nonbonded interactions are turned off, and an excess part due to nonbonded intermolecular and intramolecular interactions
where R is a composite vector ͑r 1 , r 2 , … , r M ͒ representing the positions of individual segments, and M ͑R͒ stands for a multidimensional density profile. The Helmholtz energy functional of ideal chains is known exactly,
͑3͒
Here V bond ͑R͒ specifies the bond potential which is related to the Dirac-␦ function
where M denotes the number of segments for each molecule, and r denotes a segmental position. In Eqs. ͑3͒ and ͑4͒, ␤ = ͑kT͒ −1 with k standing for the Boltzmann constant and T for temperature. Because Eq. ͑3͒ is true for an arbitrary bond potential, the DFT described here is able to take into account the chemical details of a polymeric system at least in principle.
The key assumption in the polymer density functional theory is that the excess Helmholtz energy functional is exclusively determined by the density profiles of individual segments and the details of bond connectivity. In other words, for a given configuration of molecules represent by the composite vector R, the excess Helmholtz energy is not directly related to the bond potential. Therefore, in terms of the excess Helmholtz energy functional, the reference system is a monomeric fluid with the same segmental density distributions. For the block copolymers considered in this work, the nonbonded intersegmental interaction consists of two parts: one is the hard-sphere repulsion and the other is van der Waals attraction. Correspondingly, the excess Helmholtz energy functional can be formally written as
where A ͑r͒ and B ͑r͒ are the density profiles of segments A and B. The first two terms on the right-hand side of Eq. ͑5͒ represent the excess Helmholtz energies due to the hardsphere repulsion and van der Waals attraction, respectively. These two terms depend only on the segmental densities. Conversely, F chain takes into account the effect of chain connectivity on the correlation between segments that, in the framework of the thermodynamic perturbation theory, can be related to the segmental densities and the backbone structure ͑but not the bond potential͒. Following our previous work, 35, 36 the hard-sphere part of the Helmholtz energy functional is represented by a modified fundamental measure theory,
where n ␣ ͑r͒, ␣ =0, 1, 2, 3, V1, V2 are weighted densities defined by Rosenfeld,
where j ␣ ͑␣ =0,1,2,3,V1,V2͒ are six weight functions, and the subscript j = 1, 2 denote the index of segments A and B. Three of the six weight functions are defined as 38
where ⌰͑r͒ stands for the Heaviside step function, ␦͑r͒ for the Dirac-␦ function. j 2 ͑r͒ and j 3 ͑r͒ are directly related to the particle surface area and volume, respectively. In Eq. ͑8͒, j V2 ͑r͒ denotes the gradient across a sphere in the r direction. The other weight functions are proportional to those given in Eq. ͑8͒
A salient feature of the fundamental measure theory is that all weight functions are independent of the density profiles. The excess Helmholtz energy functional due to the chain connectivity is given by a generalized first-order perturbation theory, 36 ␤F chain = ͵ dr
where =1−n V 2 · n V 2 / n 2 2 is defined as an inhomogeneous factor and y hs ͑ , n ␣ ͒ is the contact value of the cavity correlation function between segments,
is not directly related to the bonding potentials of polymeric molecules that have been already included in Eq. ͑3͒. Instead, this term takes into account the effect of chain connectivity on the correlation between nonbonded polymeric segments. If the density profiles are everywhere uniform, Eqs. ͑10͒ and ͑11͒ reduces to the first-order thermodynamic perturbation theory of bulk fluids. 39, 40 Finally, the excess Helmholtz energy functional due to van der Waals attractions ␤F ex att is represented by a mean-field approximation,
where ij att ͑r͒ is described in Eq. ͑1͒. We have shown that the mean-field approximation is quantitatively accurate for polymers near attractive walls. 33 At equilibrium, the molecular density profile M ͑R͒ can be solved by minimizing the grand potential
where M is the chemical potential of the copolymer chain. As mentioned earlier, the chemical potential can be mapped into a bulk density assuming the system is in a disordered state,
where bulk = M M is the total bulk density of segments A and B, and hs,bulk is the excess chemical potential due to hardsphere interactions represented by the Carnahan-Starling equation of state, x i ͑or x j ͒ is the molar fraction of segment i ͑or j͒ where i ͑or j͒ denotes the index of segments A or B. In Eq. ͑14͒, M ͑R͒ is the external potential for individual segments.
According to the variational principle, the stationary condition of the grand potential satisfies
Once we have the molecular density profile M ͑R͒, the segmental densities are calculated from
͑16͒
Substitution of Eq. ͑2͒ and ͑13͒ into Eq. ͑15͒ yields the Euler-Lagrange equation
where j ͑r͒ stands for the local density of segment j; the self-consistent field is related to the excess Helmholtz energy functional F ex and the external potential for individual segments A and B :
͑18͒
Combining Eqs. ͑16͒ and ͑17͒, we have a set of coupled integral equations for the segmental density profiles,
With the assumption that the density distribution varies only in the direction perpendicular to the surface ͑z͒, i.e., sl ͑r͒ = i ͑z͒, the average segmental densities are given by
where G L i ͑z͒ and G R i ͑z͒, respectively, are the left and right recurrence functions,
with G L i ͑z͒ = 1 and G R M ͑z͒ = 1, and i =1,2,… , M. Equation ͑20͒ can be solved using the Picard iteration method. 33 Because the Boltzmann factors exp͓−␤ i ͑z͔͒ depend on the
identity of the segment A or B, 33, 34 the left and right recurrence functions bear no symmetry.
IV. RESULTS AND DISCUSSION
As mentioned earlier, the systems considered in this work are rather different from previous theoretical investigations on the thin films of copolymer melts where the total number of polymers and volume are fixed. Instead, here the polymers are in direct equilibrium with a bulk phase so that the amount of polymer within a slitlike pore is determined by the surface energy as well as polymer configuration. As a result, the copolymers are less likely to be "frustrated," i.e., the formation of asymmetric or perpendicular lamellar structures within the slit pore is not favored by neither energetic nor entropic effects. With these considerations we assume that the segmental density profile is always symmetric and it varies only in the direction perpendicular to the surface.
We consider first the segment distributions of a diblock copolymer consisting of 25 A segments and 25 B segments ͑A 25 B 25 ͒ confined between planar surfaces of different preferential energies. Following a phenomenological analysis, 17 we estimate the lamellar period of the block copolymers in the bulk phase:
If the copolymers are in a thick film ͑on the order of L 0 ͒ confined between substrates preferentially adsorb A segments, previous investigations based on a phenomenological free energy and the self-consistent field theory conclude that the confinement leads to no significant stretching or compression of the lamellar layers. However, in an ultrathin film, the lamellar period is determined primarily by the film thickness. Figure 1 depicts the calculated density profiles of A and B segments in a slitlike pore at two different surface energies. When the surface shows preferential attraction of A segments but repulsion of B segments, we find ABA trilayer morphology parallel to the surface ͓Fig. 1͑a͔͒ similar to that observed in experiments. 27 The widths of the different layers indicate that essentially only A segments are in direct contact with the surface and all B segments are accumulated in the middle layer. The widths of the A and B parallel layers suggest that the A and B blocks are at different levels of extension, i.e., the B block is slightly more stretched than the A block. At a slightly lower surface energy ͑ W * = 0.3͒, similar parallel microdomains are also observed but in this case, the microdomains of A and B segments switch positions, yielding a BAB trilayer ͓Fig. 1͑b͔͒. Even though the direct contact between the surface and B segments is energetically unfavorable, the confinement increases the probability of association among A segments and thus significant amount of polymers are still adsorbed in the pore. Figure 1͑c͒ depicts the two different states of copolymer film schematically. Unlike the symmetric-asymmetric lamellar transition induced by the film thickness, the switch of the ABA and BAB trilayer films is dictated by the competition between surface-driven adsorption and self-association of A segments.
To exam the effect of copolymer backbone structure on the thin-film morphology, we present in Fig. 2 the microstructures of a tetrablock copolymer A 5 B 5 A 5 B 5 consisting of alternating five A segments and five B segments. As for diblock copolymers, two types of lamellar morphology are observed, one corresponding to strongly discriminating surfaces and the other corresponding to weakly discriminating surfaces. For the tetrablock copolymers, an ABABA or BABAB five-layer lamellar film is formed due to the increase of the number of blocks, suggesting that the number of layers can be effectively controlled by the backbone structure. For both strongly and weakly discriminating surfaces, the surface layer is relatively thinner and less dense than the middle layers because in this case, the polymer contour length is smaller than the pore width and the copolymer chains are approximately aligned normal to the surface.
The lamellar-lamellar transition of confined block copolymers can be easily identified by a discontinuous jump in the adsorption isotherm. Figure 3͑a͒ shows the average volume fraction of the A 25 B 25 diblock copolymer in the slit pore as a function of the wall potential with the fixed interaction energies among polymeric segments at three bulk packing fractions. When the wall potential is weak, BAB-type lamellar structures are formed and the surface layers are rich in energetically unfavorable B segments. At the point of lamellar-lamellar transition ͑the point is denoted by arrows in Fig. 3͒ , the adsorption isotherm presents a discontinuity as appeared in a typical first-order prewetting phase transition. Figure 3͑a͒ shows that with the same surface energy, the average volume fraction of the ABA trilayer structure is slightly greater than that of the BAB trilayer structure. This may be explained by the favorable interactions between the surface and A segments. Figure 3͑b͒ shows that for A 5 B 5 A 5 B 5 tetrablock copolymers, the switch of microdomains from the BABAB to ABABA films leads to a decrease in the average volume fraction. A comparison of Figs. 3͑a͒ and 3͑b͒ reveals that the total amount of adsorption depends not only on the surface energy but also on the commensurability of the pore size and the backbone structure. The alternating structure of the tetrablock copolymer causes more configurational restriction so that the polymer volume fraction of BABAB phase in the transition point is greater than that of ABABA phase. At low concentration of block copolymers, a random phase appears between the ABA and BAB lamellar phases. Apparently, the microstructure in the random phase as depicted in Fig. 3͑c͒ is different from those in lamellar phases. In this case, the segmental density approaches to the bulk density.
The symmetric lamellar-lamellar transition induced by the surface energy is different from the thickness-induced symmetric-asymmetric transition occurred in a polymer melt. For the "symmetric-asymmetric" transitions in thin films of copolymer melts reported in previous theoretical investigations, 16 the amount of polymer within the pore is fixed and the phase transition is introduced by a competition The average volume fraction of the copolymers in the pore vs wall potential. ͑a͒ Diblock copolymers ͑top panel͒; ͑b͒ tetrablock copolymers ͑bottom panel͒; ͑c͒ microstructure of the confined tetrablock copolymers in the random phase.
194703-5
Phase transitions in ultrathin block copolimer films J. Chem. Phys. 122, 194703 ͑2005͒ between the chain elasticity and surface energy. For an incompressible system at a film thickness similar to the case considered in this work, the phenomenological free energy model by Turner 16 predicts that a symmetric ABBA lamellar structure is favored when the interfacial tension between the A domain and the substrate is small but an asymmetric AB lamellar is favored as the substrate-A interfacial tension increases. Conversely, the BAAB lamellar always has a free energy higher than that of the ABBA and AB structures. As a result, the symmetry BAAB structure will not appear in an incompressible case. To illustrate, Fig. 4 depicts how the free energies of different surface morphology vary with the surface energy of A segments if the system is incompressible. When there is a strong attraction between the surface and A segments as considered in this work, the reduced interfacial tension ⌫ A = ␥ AS / ␥ AB is small and the ABBA morphology is thermodynamically favored. However, as ⌫ A increases the AB morphology becomes thermodynamically more stable. Indeed, for an incompressible system, the surface-induced ABBA to AB transition is rather similar to the thicknessinduced transition.
For compressible systems discussed in this work, the phase transitions rather resemble the prewetting transition for the adsorption of polymers near a surface. This similarity is more evident by considering the discontinuity of the average polymer volume fraction within the pore as the surface energy is increased. However, different from a normal prewetting transition though, the transition between ABBA and BAAB structures involves little change in the total amount of adsorption and at low bulk densities, the transition involves a big change in average polymer concentration within the pore, rather similar to a vapor-liquid capillarity condensation. Besides, there is a reentrance transition as the surface energy grows continuously. In general, the prewetting transition could be coupled with a capillary condensation within the pore but depending on the pore size and surface energy, it could also exist outside of the miscibility gap. Detailed examination of the interplay between the layering transitions and demixing will be explored in a future work. Figure 5 depicts the lamellar-random-lamellar phase transitions in the diblock ͑a͒ and tetrablock ͑b͒ copolymers at a fixed film thickness. For diblock copolymers ͓Fig. 5͑a͔͒, the top-right zone is the ABA phase when the surfaces are in contact with the energetically favorable segments; the topleft zone is the BAB phase, and the bottom zone is a random phase. Figure 5͑a͒ indicates that the lamellar phase appears only beyond a critical bulk volume fraction, i.e., it must be greater than 0.05 for the diblock copolymers considered here. Once the bulk volume fraction in the pore is smaller than the critical value, a random phase starts to appear. Figure 5͑b͒ shows a similar phase diagram for the tetrablock copolymer. Noticeably, the critical volume fraction is sensitive to the backbone structure. For the tetrablock copolymer, the lamellar phase appears when the average volume fraction in the pore exceeds 0.15.
To investigate the effect film thickness on the lamellarlamellar phase transition of block copolymers, we present in Fig. 6 the critical wall potential at the onset of lamellarlamellar phase transition for thin films of three different thicknesses. For H * ϵ H / = 6, the critical wall potential is relatively insensitive to the bulk density. However, for H * = 10, and 16, the critical wall potential sharply declines with the bulk packing fraction due to a collective effect. At low bulk density, a stronger interfacial energy is required to overcome the entropic barrier that disfavors the adsorption of polymeric molecules. For tetrablock copolymers, a trilayer films is formed for the pore of H * = 6 and a seven-layer film is formed for the pore H * = 16. While the lamellar-lamellar phase transition can still be observed for the tetrablock copolymers, the dependence of the critical wall potential on the bulk packing fraction is entirely different from that for diblock copolymers. For a large pore ͑H * =16͒, the critical wall potential increases with the bulk density and the opposite is observed for smaller pores. Surprisingly, the critical wall potential at the microdomain switch is sensitive to the bulk density as the pore size is close to the length of one block of the copolymer, while it becomes insensitive when the pore width significantly deviates from the contour length of each block.
V. CONCLUSIONS
We have theoretically investigated the formation of different lamellar phases in block copolymer thin films at equilibrium with a bulk solution. The phase transitions occurred in these compressible systems are rather different from the thickness-induced transitions in the thin films of copolymer melt reported earlier. 16, 17 Here the phase transitions is mainly due to the competition between the self-aggregation and surface adsorption rather the film thickness incommensurability. However, there are some similarities between the "lamellardisorder-lamellar" transitions and prewetting except that here the phase behavior is much richer due to the structure formation of block copolymers. The energy-induced transitions are manifested in either a discontinuous switch of microdomains or a jump in the surface density. The effects of polymer backbone structure and film thickness on the phase behavior of thin films have also been investigated. As shown in recent experiment, 32 the change of wall potential may be achieved by varying the humidity of hydrophilic/hydrophobic interfaces under the stimuli of an environmental temperature. The lamellar-lamellar transition could find applications in the fabrication of the environmentally responsive biosensors. 41, 42 
